). to maintain this tension. To behave as an anchor, the Though a stroke involving its short lever arm may motor must remain bound to an actin filament through influence the predominant direction of myosin VI stepits catalytic domains, anchoring to actin whatever is ping, an alternative stepping model is required to explain associated to its tail. The mechanisms by which myosin its large diffusive steps. One proposed model is that VI functions as a processive motor and an anchor are an interaction between the motor and actin causes a not understood, nor how the motor regulates which conformational change in the actin track. This change function is exhibited. We address these questions using allows the motor to slide along the track in a manner single molecule assays that probe effects of applied not envisaged by conventional models of stepping (Niexternal 
motor exhibits a one-to-one ratio between stepping and ATP hydrolysis, a conformational change in myosin VI must occur that allows it to span ‫03ف‬ nm. A mechanism in which some part of the motor extends and becomes flexible is a plausible explanation for the observed behavior. An extended, flexible element would allow the motor to span a large step and diffusively reach numerous actin monomers surrounding its usual binding site, leading to a wide distribution in step size and occasional backward stepping. A motor whose stepping mechanism involves a large diffusive search may also be more likely to bind different actin filaments to each head. Thus, this unique stepping mechanism may dictate specific in vivo functions of myosin VI.
If the mechanical transition for myosin VI involves the stepping of myosin VI to test whether this is the biochemical basis for its anchoring. According to our current model for the myosin VI stepmyosin VI head (k ϩ1 ), slow association of ATP to this ping cycle, the trailing head of the myosin VI dimer is head (k ϩ2 ), or increase the rate of ADP binding to this strongly bound to actin in an ADP state, releases its head (k Ϫ1 ) and thus compete with binding of ATP. We ADP to allow ATP to bind, and releases from actin upon have characterized the effects of load on these rates ATP association. The head then traverses ‫03ف‬ nm and and observe a reduction in the ATP on rate and an rebinds to actin after hydrolyzing ATP and releasing increase in the ADP on rate as load increases. At physiophosphate, positioning itself as the new lead head. The logical conditions, however, the latter effect is most new trailing head then repeats the cycle identically. relevant to motor function. Thus, a load-induced inThis stepping cycle is represented by the following crease in ADP association to the trailing head is the model showing the nucleotide and actin bound states likely mechanism for switching myosin VI function from of the motor: that of a translocator to an anchor.
A • MD. Results
(1) At Saturating ATP, Step Size Is Not Strongly Affected by Load and Kinetic Activity Is k ϩi are rates in the forward (rightward) direction, and k Ϫi are rates in the opposite direction. M denotes the myosin Unaffected by Load until High Forces Dual optical trap assays were used to observe stepping VI head and A • M indicates that it is strongly bound to actin. D, DP i , and T represent the ADP, ADP•P i , and ATP of individual motors against constant loads (see Experimental Procedures). The predominant direction of myostates of the motor, respectively. The cycle begins on the left with M representing the trailing myosin VI head sin VI stepping is denoted as forward and the opposite direction as backward. All loads described here are in an ADP state and strongly bound to actin. When this head reaches the right side of this model, it has become backward. The observed step size of myosin VI at saturating the lead head. The new trailing head continues the cycle on the left again, starting in its ADP actin bound state.
(2 mM) ATP shows a weak dependence on load ( Figure  1 ). There is a small but significant change in forward According to this model, there are three likely ways in which load could affect the nucleotide-dependent mean step size, from 35 nm near zero load to 27 nm near stalling loads ‫2.2ف(‬ pN). Along a face of an actin kinetics and cause the motor to anchor to an actin filament: load could slow release of ADP from the trailing filament, adjacent actin monomers along one long-pitch helix are separated by 5.5 nm (Sheterline and Sparrow, 1994) . This decrease of ‫8ف‬ nm thus may be due to the myosin binding to a site that is at most two actin monomers short of its most frequent unloaded binding site. The backward step does not change significantly with varying load and, at loads of 1 pN and higher, remains constant at 11 nm. Furthermore, loads do not change the frequency of backward stepping relative to forward stepping. The percentage of steps in the backward directions remains at 4% over all loads (Figure 1 legend) .
Information about the motor's stepping kinetics is inferred from measured dwell times, defined as the time between consecutive translocations ( Figure 7B ). An observed dwell, , is the duration of a single catalytic cycle, and so mean dwell, , is the inverse of the mean stepping rate, v Ϫ1 . At saturating ATP, the mean dwell of myosin VI is not strongly load dependent until forces approaching its stall ( Figure 2A ). The mean dwell remains fairly constant at ‫3.0ف‬ s until forces greater than 2 pN are reached. At these high loads, increasing load causes the motor's stepping to slow dramatically. dwell time at high loads, the fit value for ␦, denoted ␦ 1 , of 90 nm is approximate. This could account for the value being larger than the motor's step size, or alternathe order of the step size. We assume in this manuscript tively, the motor could move forward against load a that the large ␦ 1 is due to a single mechanical transition. distance larger than its step and then move backward Thus, we hypothesize that the myosin VI stepping again. Nonetheless, the rapid rise in mean dwell at Ն2 cycle consists of a single, strongly load-dependent tranpN suggests ␦ 1 is large, presumably on the order of the sition, but load does not affect the kinetics of motor step size.
Is Dominated by Biochemical Transitions
stepping until high forces because biochemistry domiOur assumption that the motor's chemomechanical nates the chemomechanical cycle. cycle contains a single mechanical transition is consistent with a large value for ␦ 1 (Fisher and Kolomeisky, 1999 (Figure 2A ), we also observed that at loads below stall, the motor spends most of its stepping cycle undergoing biochemical transitions. This suggests that ADP release is not associated with the mechanical transition in the stepping pathway, consistent with our observation that k 1 remains constant over all loads. perimental Procedures, at low loads, the value for k 2 is
Fitting is done using maximum-likelihood algorithms developed in a lower limit to this combined rate. Within this rate is The fit values and errors are determined as described above. The goodness of each fit is tested with a 2 test as described above. less than 1 mM, mean dwell increases as ATP is lowered, suggesting that binding of ATP to the trailing myosin VI
) is becoming so slow that it dominates the overall rate of stepping. We confirm this by fitting Equation 3 to our experimenwhere P(t;k 1 ,k 2 )dt is the normalized probability for a dwell time with duration between t and t ϩ dt given the rates tal dwell time distributions. According to the kinetic model in Equation 4, the fit to dwell distributions colk 1 and k 2 .
This equation was fit to dwell distributions collected lected at 1 pN load and varying ATP concentration should yield one rate corresponding to ADP release from at saturating ATP and various loads, and the fit rate constants are plotted as functions of load in Figure 3B . The fit value of ␦, denoted ␦ 2 , is ‫3ف‬ nm, suggesting that this mechanical transition is unique from the more load-sensitive transition described by ␦ 1 . This loadaffected transition is presumably not apparent in the earlier data because, at 2 mM ATP, the rate of ATP binding is very rapid. Thus, at saturating ATP, the ob- To test this hypothesis, we consider the dependence of mean dwell time on ADP concentration. At high ATP k 1 again represents a load-independent ADP release concentrations and in the presence of ADP, we hypotherate. k Ϫ1 (F ) and k 2 (F ) describe the rates of ADP and size that our kinetic scheme in Equation 4 should take ATP binding, respectively, both of which are affected the revised form:
by backward load, F. k 3 (F ) is a combination of other rates in the stepping cycle, and within this rate is information Myosin VI Stepping Is Inhibited Using this kinetic model, we calculate the dependence at Sub-PicoNewton Loads of mean dwell on the three rates to be:
In many cells, the ADP concentration is maintained on the order of 100 M while ATP is maintained around 1-5 1 8 and our empirically derived rates, inhibition of stepping According to this relation, mean dwell is linearly related to ADP concentration at a given load, consistent with at physiological conditions may occur at loads that are considerably lower than the stall forces measured at our data in Figure 5B .
We further test this model by using the derived values saturating ATP. To test this, we performed our trap assays at 100 M ADP and 1.5 mM ATP. Under these for k 1 and k 2 (F ) ( Figure 3B ) along with mean dwells measured at 1 M ADP and varying load, (F,[ADP] ϭ 1M) conditions, we found that the motor dwells for extremely prolonged periods of time immediately after binding to (Figure 2A) , to calculate the rate of ADP binding as a function of load, k Ϫ1 (F ), using Equation 7. These calcuactin, preventing us from implementing our optical trap feedback ( Figure 2B ). This result suggests that the backlated values are shown in Figure 5C . We then compared our experimental dwell distributions at 1.5 mM ATP, ward load developed when a motor takes a single step against the trap is enough to stall its kinetics. 1 M ADP, and varying load to the distributions predicted by the three derived rates k 1 (F ), k 2 (F ), and k Ϫ1 (F ).
Our trap stiffness is about 0.01 pN/nm, and so a 30 nm step develops about 0.3 pN of load. Figure 2B is an example of a motor that is bound to the magnitude than ␦ 3 ). ␦ is negative so that Equation 5 describes a rate that increases with increasing load.
actin filament for 11 s before releasing.
Discussion

VI steps that are upwards of 40 nm, yet the motor's mean dwell time is unaffected by this load. A Simple Stepping Model Involves a Flexible N-Terminal Portion of the Myosin VI Tail A Modified Stepping Model Predicts that the We hypothesize that some part of myosin VI must be
Beginning of the Tail Changes between Rigid flexible and extended to account for the large diffusive and Flexible Conformations steps of the motor. Stepping could then occur through
We suggest a modification of the above stepping model a working stroke of ‫01ف‬ nm followed by an ‫02ف‬ nm to account for the insensitivity of the motor's step size diffusive search of the actin-dissociated myosin VI head. and mean dwell time to loads. We propose that, while Though the location of such a flexible region is not the actin-dissociated lead head is at the end of a flexible known, we conjecture that the first ‫07ف‬ residues of the and elongated region of the motor, the actin bound trailtail domain, just beyond the second calmodulin binding ing head is maintained in a rigid conformation that bears site of the lever arm, are likely to be involved. Using the the external force and so shields the free head from Paircoil program (Berger et al., 1995) , we assayed the load. In this way, the actin-dissociated head is able to tail sequences of eight myosin VI variants from seven undergo an unloaded diffusive search for its actin binddifferent organisms for their proclivity to form a coileding site even when an external load is applied against coil structure (data not shown). In all cases, the propenthe motor's stepping. Again, we hypothesize that the sity of the first ‫07ف‬ residues of the tail to form a coiled-N-terminal tail domain is involved in this mechanism. coil is very low, with the Drosophila myosin VI showing This region may adopt a rigid structure when the myosin almost no propensity at all. This suggests that the N-ter-VI head is bound to actin, either by folding itself into a minal ‫07ف‬ residues of the tail just adjacent to the light compact and rigid form or by docking to another part chain binding domains (which we refer to as the of the motor or to the actin. When the head dissociates N-terminal tail domain) remain in a relatively unstrucfrom actin, the N-terminal tail domain then adopts its tured conformation and thus may constitute the putative flexible and relatively unstructured conformation, allowing flexible region. This idea is further supported by our for the diffusive search. observations that this region of the tail is highly suscepti-A cartoon representation of a putative myosin VI stepble to proteolysis, indicating that these residues may be ping mechanism is shown in the More generally, we predict this transition must occur However, we conjectured in the Results that an apsometime after the free head is released from actin and plied load of 2 pN can deform the actin bound trailing before it releases its phosphate and is strongly bound head, suggesting that we are pulling on a rigid element to actin again. The N-terminal tail domain of the actin adjoined to this head. This suggests that load may prebound myosin head with bound ADP, on the other hand, vent the N-terminal tail domain of the trailing actin bound is in a rigid conformation. We predict it is either folded head from contributing to the forward reach, making it into a compact form or docked to another part of the harder to reconcile large observed steps with the momotor or the actin (not shown), and its rigidity helps tor's geometry. Furthermore, because the duration of a shield the actin-dissociated head from load. diffusive search is sensitive to load (Howard, 2001) , a
The actin-dissociated head hydrolyzes its ATP (B) and stepping mechanism with both N-terminal tail domains finds its next actin binding site through a diffusive search remaining flexible may not be consistent with our obserat the end of its N-terminal tail domain. Upon binding vation that the motor's step size and mean dwell are actin (C), this head has become the lead head, and it insensitive to loads up to 2 pN. Estimating the time for releases its phosphate (D). The motor spends most of a myosin VI head to diffuse against an external force its time in this state, waiting for the trailing head to (see Supplemental Data online), we found that, for a release its ADP. motor stepping against 2 pN of load, the dwell time As already discussed, the N-terminal tail domain of an should be considerably longer than the unloaded dwell actin bound myosin head with bound ADP is predicted to for steps greater than 35 nm due to slowing of the diffube rigid. We thus hypothesize that the N-terminal tail domain associated with the lead head in (D) attempts sive search. At 2 pN load, however, we observe myosin The rear head releases its ADP (E) and binds ATP, suming that a clathrin-coated vesicle is ‫001ف‬ nm in diameter (Buss et al., 2001a) and that the viscosity within allowing it to release from actin (F). As the trailing head releases from the actin, the N-terminal tail domain of a cell is about 50 times that of water (Boal, 2002), we can calculate the backward load due to viscous drag the lead myosin head is now able to become rigid (G). This transition from flexible to rigid causes the motor's as the motor moves the vesicle at ‫08ف‬ nm/s. Approximating that the vesicle remains spherical, the motor center of mass to traverse its ‫03ف‬ nm step, resulting in the large, rapid mechanical transition discussed in the experiences a backward load of 4 fN, orders of magnitude smaller than forces we have explored empirically. Results. This process must generate sufficient force to drive motility by converting the free energy of this conUsing the rates derived in the Results, we find that this load causes the rate of ADP binding to increase by only formational change to mechanical work (Zhuang and Rief, 2003) and must be capable of occurring against 0.4% from its unloaded value. Thus, the motor is able to step processively against this load at physiological up to 2 pN. Other such processes have been observed to produce forces from 2. function by associating at its tail region with this apical Binding to the Trailing Head membrane. Actin filaments within stereocilia are polarAs discussed in the Introduction, myosin VI anchoring ized, with their minus ends facing the roots where the may be the result of applied backward load halting stepstereocilia enter the hair cell, and so the myosin VI motor ping kinetics while the motor remains strongly bound may walk toward the root and pull the membrane down to actin. We have shown here that the rate of ADP dissobetween the stereocilia (Cramer, 2000). As the motor ciation from the trailing head of the motor is not affected steps, an increasing force against its motion will develop by load while the rate of ATP association is slowed and once the apical surface is pulled taut. Eventually, this the rate of ADP association is increased. From our data backward load, coupled with physiological nucleotide, (Figures 4C and 5C ), we find that at zero load, the rates will stall the motor's stepping, causing it to anchor the of ATP and ADP binding are 0.047 M Ϫ1 s Ϫ1 and 0.67 membrane between the stereocilia. M Ϫ1 s Ϫ1 , respectively, while at 1 pN load, they are changed to 0.020 M Ϫ1 s Ϫ1 and 6.7 M Ϫ1 s Ϫ1 .
Experimental Procedures
Assuming a physiological ADP concentration of 100 M and ATP concentration of 5 mM and using the rates ., 2000, 2001 ). Experiments were conducted at ‫22ف‬ЊC. Briefly, two neutravidin-coated polystyrene beads, 1 m in diameter, are held in two independently controlled laser traps. A phalloidin-stabilized actin filament that has been biotinylated is attached to the beads through biotin-neutravidin linkages, forming an actin "dumbbell" (Figure 7A ). The dumbbell is brought near a 1.5 m diameter glass bead platform on the myosin-coated surface. As a myosin on the platform translocates the actin, one of the beads, the "feedback bead," is pulled out of its trap. We observe a motor's stepping through detection of the feedback bead's position. A constant force is maintained against stepping by using a feedback system to control the position of the trap holding the feedback bead. As the bead is moved out of the trap, the trap follows at a fixed distance, ensuring that every step is taken against the same load. Because an optical trap behaves like a linear spring potential (Dai and Sheetz, 1995), we can measure the spring constant describing the trap's stiffness (Sheetz, 1998) occurring at very rapid time scales. The error due to these missed that are held in independently controlled optical traps (depicted as events must be considered when fitting Equation 3 to empirical hourglass shapes) forming an actin "dumbbell." The dumbbell is dwell histograms ( Figure 3A) . The rapid rise in observed dwells at brought into contact with myosin VI/GFP construct adsorbed to a low times predominantly determines the fit value for the more rapid motor platform on the surface through anti-GFP antibodies coating of the two rates, and the decrease in observed dwells at higher the surface. Feedback maintains a constant distance between the times describes the slower rate. Because of missed events at low bead that is being pulled by the motor and the trap that holds this times, the more rapid rate, if very fast, may be underestimated by bead, ensuring constant load against stepping. our fit value. Thus, at saturating ATP, the calculated rate of ‫11ف‬ s Ϫ1 (B) Example data trace from the dual trap assay. The top, black for k 2 at low loads ( Figure 3B ) probably describes a lower limit to time trace is the position of the dumbbell bead translocated by the actual rate, a limit that is dictated by the limitations of our myosin VI. The lower, gray time trace is the position of the optical analysis. Within this rate is information about a rapid mechanical trap holding this bead. Once the myosin moves the bead out of the transition that is slowed significantly at high loads. At these loads, trap a sufficient distance, the trap follows the bead at a fixed disk 2 decreases below this 11 s Ϫ1 lower limit and can be resolved by tance to maintain constant load against stepping. Examples of the our fit to the dwell distribution. two tabulated observables, dwell time () and step size (d ), are To ensure that observed time traces result from individual motors highlighted. The data shown are stepping against 1 pN load at 2 and are not the result of more than one molecule translocating an mM ATP.
actin, for a given flow cell, numerous surface platforms are tested for motor activity. Assuming a Poisson distribution describes the number of motors on a platform, when motor activity is observed on 10% of a flow cell's platforms, ‫%59ف‬ of the active platforms cal trap assays and also did not include ATP regeneration system. ATP concentration was 1.4 mM, which is saturating in the absence contain only a single motor (Block et al., 1990). Thus, only cells with motor activity on 10% or less of the surface platforms were used. of ADP, and ADP concentration varied from 0 to 640 M.
To attach myosin VI to the surface of the flow cell, the surface Data collected at identical nucleotide and load conditions but at different motors have been pooled together. To justify this, we have was sparsely covered with 1.5 m diameter glass beads, which act as motor "platforms." This surface was then coated with nitrocellucompared data collected at identical experimental conditions but different motors and found that dwell distributions from different lose. 0.05 mg/ml mouse monoclonal anti-GFP antibody (mAB 3E6, Q-Biogene, Carlsbad, California) was flowed into the cell followed motors are in general indistinguishable (see Supplemental Data on Cell website). The number of dwells and steps collected at each by 1 mg/ml BSA to block the nitrocellulose surface. Dilute motor was flowed into the cell and attached to the surface via binding experimental condition are presented as Supplemental Data online. For most experimental conditions (a given load and ADP and ATP between anti-GFP antibody on the surface and GFP on the motor's C-terminal end. concentration), data were collected from two to five motors. The number of motors is also listed in Supplemental Data.
Purification of Nucleotides
Because ATP stocks can contain 1% or more ADP contamination, Gliding Filament Assay Gliding filament assays were performed as described (Rock et al., we purified ATP that was used in assays without an ATP-regeneration system by liquid chromatography. An Ä KTA FPLC system 2000). Temperature was maintained at 25ЊC. In brief, myosin VI is sparsely coated on the surface as described above. 
